Introduction
Microsatellites are typically defined as tandemly repeated sequences (motifs) of one to six nucleotides that are very widely distributed throughout the genome and are frequently variable in the number of times the motif is repeated. Microsatellite repeats are ubiquitous and frequently polymorphic at rates that far exceed typical single-nucleotide mutation rates [1] in mammalian genomes, and their polymorphism can generate significant phenotype variation [2] [3] [4] . Somatic microsatellite length mutations are commonly observed in colorectal, endometrial, breast, gastric carcinomas, and some lung cancers [5] [6] [7] . The recurrence of microsatellite mutations in several loci in multiple different cancers, including known tumor suppressor genes (e.g. PTEN), is strong evidence that these microsatellite mutations are indeed important events in the progression of these cancers. Alterations in repeat unit number in and around coding sequences can have important quantitative and qualitative effects on gene expression [8] [9] [10] [11] and thus could potentially contribute directly to cancer progression.
We hypothesized that microsatellite alterations might play an important etiological role in the development and progression of breast cancer.
We surveyed *100 individual microsatellite loci in genes suspected to play a role in breast cancer and found a highly polymorphic (AAAG/TTTC) n microsatellite in the 5 0 untranslated region (UTR) of the estrogen-related receptor gamma (ERR-c) gene. The ERR family members, which include ERR-a, ERR-b, and ERR-c, are orphan nuclear receptors that regulate transcription via estrogen responses elements (EREs) and the closely related ERR response elements (ERREs) but do not bind endogenous estrogen [12] . ERR-a and ERR-c can both substitute for the estrogen receptor (ER) [12] , and all three ERR isoforms have been shown to play a role in HIF-mediated growth of solid tumors [13] . There is evidence to suggest that ERR-c polymorphisms play a role in breast cancer susceptibility, particularly in post-menopausal women [14] , and the chromosomal region containing ERR-c (1q41) has been linked to breast cancer metastasis [15] . ERR-c has also been shown to modulate tamoxifen resistance, and the expression of ERR-c may be a marker of poor tamoxifen response [16] .
Our hypothesis was that particular alleles of the (AAAG/TTTC) n microsatellite located in the 5 0 untranslated region (UTR) of ERR-c might affect differential expression of the gene. To examine this, we sequenced the upstream region of ERR-c in a series of breast cancer patients in cancer-free individuals. We also performed reporter gene expression studies to validate the action of the variable nucleotide repeat (VNTR) as a classical regulatory domain.
Results

Identification of a putative predisposition biomarker for breast cancer
We have been systematically measuring the genotypes of certain 1 to 6-mer repeat motif containing loci within the genomes of cancer patient germline and tumor samples and the genomes of cancer-free individuals. Depending on the exact bioinformatic approach used to identify and count microsatellite containing loci within the reference genome, there are between *500,000 and *2,000,000 such loci. Loci were selected and prioritized based on likelihood of polymorphism and proximity to genes known or suspected to be involved cancer development and progression. One of the motifs that we chose to examine (AAAG) represents a relatively small repeat unit size, suggesting a higher likelihood for polymorphism, is prevalent in the genome, and is harbored within a large number of genes that are implicated in cancer. For loci containing this motif, we found 14,311 copies in the entire genome, 4,127 of which are located within genes (exons, introns, UTRs, upstream and downstream areas). When limited to the 7,183 ''cancer'' genes (defined as those genes found in NCBI's Entrez Gene using the search terms ''cancer'' and ''tumor''), we found 128 in the 5 0 UTR and 27 in the potential promoter region, which we defined as 1 kb upstream of those genes. When the upstream region was expanded to include 5 and 10 kb, we found 143 and 266 AAAG repeats that could potentially be located within transcriptional regulatory regions.
We prioritized each (AAAG) n locus by copy number, which is positively correlated with a higher likelihood of being polymorphic [17] and subsequently designed and tested 28 PCR primer sets against a panel of 42 samples that included 17 cancer-free volunteers, 17 cancer cell lines, and a variety of controls. We found 11 of these loci to be polymorphic (i.e., 10 that exhibit different sizes and one that is frequently deleted) in the human samples. Of the 11 polymorphic markers, two were of particular interest. One of the two markers containing an AAAG repeat, found in the TBL1Y gene located on the Y chromosome was absent in all female samples. However, this microsatellite was also absent in some lung tumor cell lines but not in their matching B lymphocyte-derived cell lines, consistent with frequent deletion of the entire Y chromosome in some non-small cell carcinomas [18] . The second interesting AAAG tandem repeat locus is located in the 5 0 UTR of ERR-c gene (estrogen-related receptor gamma, ESRRG, located on chromosome 1q41), which has 10 copies of the 4-mer (AAAG) motif, as found in the reference human genome sequence in the UCSC genome browser. ERR-c is an orphan nuclear receptor and operates independently of estrogen; however, ERR-c is known to bind to certain estrogen response elements to activate transcription [19] . Also, ERR-c and its known co-activators have been linked to breast, ovarian, and colon cancer [20] and more recently to tamoxifen resistance in invasive lobular carcinoma of the breast [16] .
ERR-c has two known isoforms, one with an alternative first exon and one with an alternative 5 0 UTR. It is possible that the differential AAAG microsatellite length confers alternate regulation of ERR-c, as is thought to be the case for the gene encoding the parathyroid hormone receptor, which also harbors a polymorphic (AAAG) n repeat sequence in its promoter region that co-varies with adult height [21] . There are 22 candidate transcription factors (data not shown) that could potentially bind to the region of the 5 0 UTR of ERR-c containing the AAAG repeat (the repeat itself plus 100 bp flanking sequences), one of which (paired box gene 2, PAX2) is capable of binding the repeat unit itself.
As shown in Fig. 1 , two of the four breast cancer cell lines were heterozygous at the ERR-c (AAAG) n locus, as were the matched blood lines and one of the colon cancer cell lines. Sequencing of the 42 samples indicated that homozygous samples carry a short version of the microsatellite, which ranges between 7 and 12 repeat units, and heterozygous samples carry one short copy and one longer allele ranging from 13-21 repeat units. The frequency of this variation was then measured by sequencing this locus in an expanded set of 528 samples, including 147 breast cancer patients, 104 patients with colorectal neoplasms, 24 prostate cancer patients, 20 cervical cancer patients, 28 ovarian cancer patients, 31 lung cancer cell lines, and 174 cancer-free volunteers with and without a family history of breast cancer.
Based on genotyping results, the size of the AAAG microsatellite allele ranged between 5 and 21 copies. We chose 13 motif copies as the cut-off length for classification as ''long'', as this number was the most rare among samples (only one patient with an allele of this length), and 12 copies was relatively common and equally observed (4-6 incidences) for each class of sample (e.g., cancer and noncancer). Based on these criteria, carriers and non-carriers of the longer allele for each category of patient are presented in Table 1 . As shown, a statistically significant higher incidence of long allele carriers (P value = 0.0195, two tailed Fisher's exact test) was observed for breast cancer patients (14.3%), compared to healthy volunteers (4.8%), which translates to a relative risk ratio of 3 (14.3/4.8). The incidence of carriers in patients without cancer but with a known family history of breast cancer (7.2%), on the other hand, was slightly higher than cancer-free volunteers but lower than breast or colon cancer patients. Likewise, only 7.3% of patients with other cancers (colorectal, lung, prostate, ovarian, or cervical) were carriers of the longer allele. Our results indicate a possible hereditary trend for breast cancer, which does not appear to translate to other potentially heritable cancers, such as ovarian cancer, which is known to be linked to familial (especially BRCA1/2-associated) breast cancer [22] . However, a much larger population is needed to definitively determine the potential contribution of this locus to risk for a spectrum of hereditary cancers. The allele in the human reference sequence genome contains eight copies, though this allele was relatively rare among the patient samples we tested (only 48 alleles were found with eight copies of the motif, compared to 369, 181 and 119 alleles that had 7, 9, and 10 copies, respectively). Observed allelic frequencies of long (n = 13? copies of AAAG) and short alleles is consistent with Hardy-Weinberg equilibrium. No correlation related to gender (the majority of samples, *80%, were female) or race/ethnicity was apparent (Online Resource 2), although a much larger patient population would be required to confirm this.
The AAAG-containing promoter region drives luciferase reporter activity
There is evidence to support the involvement of this particular repetitive DNA sequence (i.e., the AAAG motif) in mismatch repair bias, phenotypic variation, and cancer [21, 23, 24] . For instance, a functional (AAAG) [5] [6] [7] polymorphism in the promoter region of the parathyroid hormone gene was shown to correlate with adult height and bone mineral density in women [21, 23] . The AAAG repeat is located in the most proximal promoter of the parathyroid hormone type I receptor (PTHR1), which mediates skeletal growth. In an osteoblast-like cell line, the AAAG-containing promoter was shown to drive expression of a reporter gene, with the length of the AAAG repeat itself modulating the magnitude of reporter gene expression [23] .
We hypothesized that the AAAG repeat microsatellite might perform a similar function in the ERR-c promoter.
To examine this notion, we performed luciferase assays in ER? and ER-cells (MCF-7 and MBA-MD-231, respectively), using a plasmid containing a 369 bp PCR fragment of the ERR-c 5 0 UTR amplified from commercial human DNA, including nine copies of the AAAG sequence. This construct drove transcription of luciferase (*threefold, P value \ 0.0001, n = 8) in MCF-7 cells, but not in the ER-cell line, MBA-MD-231 (Fig. 2) . Our results are consistent with the presence of ER influencing the expression of ERR-c. Alternatively, disparate results between MCF7 and MBA-MD-231 cells might be due to differences in the transcription factor complement of the two cell lines. Nevertheless, the AAAG domain can support cell-specific reporter gene expression.
Discussion
We discovered a variable repetitive microsatellite allele in the 5 0 UTR of ERR-c that exhibits a significantly higher BC breast cancer, hx history incidence in patients with breast cancer. ERR-c expression has previously been implicated as a potential prognostic marker in breast cancer [12, 16] . We hypothesized that the differential AAAG microsatellite confers alternate regulation of ERR-c, similar to what has been observed for the polymorphic (AAAG) n repeat sequence located in the promoter of the gene encoding the parathyroid hormone receptor [21] . Our analysis indicated that the AAAG-containing 5 0 UTR region of ERR-c could indeed drive expression of a promoter gene. To identify putative transcription factors, the AAAG-containing region of ERR-c, including 100 bp flanking sequences, was searched against the Transfac database using BLAST, MATCH, and TFSEARCH tools [25] . Based on this analysis, we found 22 candidate transcription factors that could potentially bind to this region (data not shown). This finding suggests a potential mechanism of action, but further studies would be required to determine if any of these transcription factor binding sites in close proximity to the repeat are affected by (AAAG) n length variations.
Because microsatellites have in many cases been shown to impact expression of associated genes [2, 26] , it is interesting to speculate that ERR-c expression differences related to different AAAG copy numbers may impact breast cancer risk. If the frequency of this potentially predictive marker is sustained in a larger population, and the direct mechanistic link by which it confers the cancer phenotype can be verified, it may contribute substantially to our understanding of this cancer and as a biomarker offering better informed surveillance, prophylactic surgery, and chemoprevention options to patients. Based on our assessment, this allele carries a relative risk of 3 for the development of breast cancer. As a comparison, deleterious germline mutations of the BRCA1 gene have a 3-7% frequency in breast cancer patients (age \ 45), which is significantly elevated in those with a family history (up to 33%). Such mutations are associated with a 3-7 times higher risk of breast cancer, compared to non-mutation carriers [27, 28] . The incidence of BRCA1 mutation in the general population is estimated at 0.2 to 0.4% [29] .
There are at least five possible explanations for our results: (1) direct transcriptional influence of ERR-c based on the length of the repeat, (2) linkage of an ancestral ''lengthening'' mutation with a cancer causing mutation in/ around ERR-c, (3) the repeat resides in an uncharacterized biologically active RNA which is affected by the length of the repeat, (4) misregulation of splicing due to overexpansion of the polymorphic repeat, or (5) a spurious association due to various sampling errors or population issues (albeit unlikely). Our preliminary results strongly support a role for this repeat-or the immediate surrounding sequence-in the transcription of ERR-c. To our knowledge, there are no previous descriptions of an association of a polymorphic microsatellite repeat with breast cancer susceptibility with the notable exception of a tandem repeat biomarker located in the first exon of GPX1, the gene encoding glutathione peroxidase 1 [30] . However, there is precedence for the involvement of this particular repetitive DNA sequence (i.e., the AAAG motif) in mismatch repair bias, phenotypic variation, and cancer [21, 23, 24] .
In cancer, variations in AAAG are considered to be a novel form of microsatellite instability, termed elevated microsatellite alterations at selected tetranucleotide repeats (EMAST). EMAST has been proposed to account for some sporadic cancers that do not have defects in the most commonly mutated mismatch repair genes, hMLH1 and hMSH2 [31] . As such, AAAG polymorphism in various genes has been used diagnostically to detect a variety of cancers, including non-small cell lung cancer [32, 33] , urinary tract tumors [34] , skin cancer [35] , and ovarian cancer, particularly advanced serous carcinomas [36] . More recently, it was shown that the mismatch repair enzyme human postmeiotic segregation 2 (hPMH2), exhibits repair bias specific to AAAG repeats throughout the genome [24] , which could account for mismatch repair . In MCF-7 cells (black bars), the correctly oriented (but not reverse oriented) ERR-c fragment drove higher levels of luciferase reporter gene activity, compared to the pGL3-P backbone alone. However, this effect was not observed in ER-MDA-MB 231 cells (grey bars). Transfections were carried out in triplicate; each experiment was repeated thrice, and independently prepared plasmid DNAs were used for each promoter construct. Luciferase activity was measured and normalized to renillin, and mean fold changes compared to pGL3-P are given. Statistics were performed using Student's t test, with *** P \ 0.0001 (compared to pGL3-P). SE are given as Y-axis error bars (n = 8) deficient colorectal cancers that are not indentified by classical microsatellite instability tests designed to detect only hypervariable mononucleotide and dinucleotide repeats (Bethesda markers). Products were gel-purified using Qiagen gel extraction kit (Qiagen, Valencia, California) and sequenced by the McDermott Center Sequencing Core Facility. HardyWeinberg equilibrium was tested using v 2 test of goodness of fit, with 1 degree of freedom, checking for long and short allele distribution (where ''long'' is defined as 13? copies of the AAAG motif, and ''short'' is defined as 13 or fewer than 13 copies). To identify putative transcription factors, the AAAG-containing region of ERR-c, including 100 bp flanking sequences, was searched against the Transfac database using BLAST, MATCH, and TFSEARCH tools [25] .
Methods
Cloning
The PCR products were subsequently blunt end cloned into the pGL3p (Promega) luciferase reporter gene vector with an SV-40 promoter. The original genotyping forward primer was modified to incorporate a Hind III restriction enzyme site to determine the orientation of the insert once cloned (5 0 TAAGCTTACCTAGGAGATAGAGGTTG C 3 0 ). PCR was conducted using a blunt end generating phu polymerase, the original reverse genotyping primer and the modified forward primer. pGL3p was digested with the Sma I restriction endonuclease and incubated with purified PCR products and T4 ligase (New England Biolabs) and competent E. coli were transformed with the resulting construct and plated onto ampicillin-containing agar plates. 
